Flavivirus particles are synthesized in an immature form containing heterodimers of the proteins prM and E. Shortly before release from the cell, prM is cleaved by the host protease furin to yield mature virions. In this study, the furin-mediated cleavage of the tick-borne encephalitis (TBE) virus protein prM was prevented by specific mutagenesis of the cleavage site. This resulted in the production of immature TBE virions, which were shown to be completely non-infectious in BHK-21 cells. This finding contrasted with previous studies in which immature flavivirus particles produced by other techniques were shown to have considerable residual infectivity. The structural integrity of the mutant virus particles was confirmed by the characterization of physical and antigenic properties. Most importantly, infectivity could be restored by the addition of trypsin, which presumably cleaved protein prM at one of the monobasic sites retained in the mutated sequence. In the presence of trypsin, the mutant could be passaged repeatedly in BHK-21 cells, but if the protease was removed, the activated particles could initiate only a single round of infection, which again generated noninfectious virus progeny. These observations provide evidence that the infectivity of flaviviruses depends on the endoproteolytic cleavage of protein prM, which probably has a regulatory function rather than a direct role in virus entry. Moreover, the results illustrate that mutation of the furin cleavage site is a convenient way to produce single-round infectious flavivirus particles, which may be useful in vaccine and vector development.
INTRODUCTION
Fusion of the viral membrane with a host cell membrane is an obligatory step of the entry processes of enveloped viruses (Hernandez et al., 1996; White, 1992) . Viral surface proteins that mediate this event usually require the proteolytic cleavage of precursor proteins to achieve their fusogenic potential. In the case of so-called class I fusion proteins, which are present in orthomyxoviruses, paramyxoviruses, retroviruses and filoviruses, cleavage activation affects the fusion protein itself, i.e. a fusion-inactive precursor protein is cleaved to yield the mature fusogenic protein (Klenk & Garten, 1994) . In contrast, class II fusion proteins (Lescar et al., 2001) , which so far have been found in alphaviruses and flaviviruses, acquire their fusion competence through the endoproteolytic processing of an auxiliary protein, which, in its uncleaved precursor form, prevents the fusion protein from undergoing the structural changes necessary to induce fusion (reviewed by Heinz & Allison, 2000; Kielian et al., 2000) .
Activation cleavages are often carried out by the cellular protease furin, an enzyme that is concentrated in the trans-Golgi network (TGN) but also cycles between endosomes and the plasma membrane (Molloy et al., 1999; Plaimauer et al., 2001) . In naturally occurring substrates, including not only viral surface proteins but also a large number of cellular proproteins, furin cleaves after the conserved sequence motif R-X-K/R-R (X can be any amino acid), but mutagenesis studies have revealed that the minimum consensus sequence recognized by this enzyme is R-X-X-R (Molloy et al., 1992; Nakayama, 1997) .
Studies on various virus systems have indicated that the endoproteolytic activation of viral surface proteins (e.g. from alphaviruses or paramyxoviruses) is frequently an essential prerequisite for obtaining infectious virions (Heidner et al., 1994; Li et al., 1998; Lobigs & Garoff, 1990; Maisner et al., 2000; Salminen et al., 1992) , whereas in other cases it appears that infectivity is enhanced by, but does not fully depend on, the cleavage of the precursor protein (Kopp et al., 1994; Wool-Lewis & Bates, 1999) . In this study the importance of furin-mediated cleavage activation of a flavivirus, tick-borne encephalitis (TBE) virus, for the infectivity of this virus in cell culture is assessed.
The genus Flavivirus, family Flaviviridae, includes, in addition to TBE virus, several other important human pathogens, such as yellow fever virus, Japanese encephalitis virus, West Nile virus and dengue virus. Flavivirus particles consist of a nucleocapsid containing the positivestranded, non-segmented RNA genome of approximately 11 kb length surrounded by a lipid envelope in which the two surface proteins E (approx. 54 kDa) and M (approx. 8 kDa) are anchored (Lindenbach & Rice, 2001) . Protein E mediates both virus attachment and fusion. Structural studies, including the solution of the three-dimensional structure of the TBE virus protein E by X-ray crystallography, have shown that in mature, infectious particles protein E forms head-to-tail dimers, which are orientated parallel to the viral surface in a regular lattice with icosahedral symmetry, thus forming a relatively smooth outer surface of the virus (Kuhn et al., 2002; Rey et al., 1995) . Incubation of such mature particles at mildly acidic pHas is naturally encountered by the virus in the endosome of the host cell in the course of the virus entry processtriggers substantial conformational changes in protein E, including its rearrangement from dimers into trimers (Allison et al., 1995) . In the course of this process, an internal fusion peptide becomes exposed and interacts with cellular membranes, initiating the process of membrane fusion, which is necessary for the release of the nucleocapsid into the host cell cytoplasm Stiasny et al., 2002) .
Flavivirus particles are synthesized intracellularly in an immature form in which protein E forms heterodimeric complexes with protein prM, the approximately 27 kDa precursor of the small protein M (prM) (Chambers et al., 1990; Lindenbach & Rice, 2001) . Cleavage of protein prM is apparently mediated by furin in the TGN shortly before the release of virus particles from the cell and it has been demonstrated that this cleavage activates the membrane fusion capacity of protein E (Stadler et al., 1997) . Immature particles have been purified directly from infected cells (Wengler & Wengler, 1989) or have been produced in secreted form by growing virus in furin-deficient LoVo cells, by preventing cleavage by means of specific furin inhibitors (Stadler et al., 1997) or by raising the pH in the TGN by the addition of acidotropic reagents such as ammonium chloride or bafilomycin A1 (Allison et al., 1995; Guirakhoo et al., 1991 Guirakhoo et al., , 1992 Heinz et al., 1994; . Immature particles prepared in any of these ways were consistently found to be resistant to acidic pH and did not undergo the structural and oligomeric changes in protein E that are required for fusion activity, suggesting that the presence of prM might physically block these changes. They also did not exhibit any haemagglutination activity, which in the case of flaviviruses also depends on low pH-induced conformational changes. Nevertheless, the infectivity of these preparations was not completely abolished and specific infectivities were found to be reduced only between 20and 50-fold compared to mature virions (Guirakhoo et al., 1992; Heinz et al., 1994; Stadler et al., 1997) . Furthermore, some flaviviruses, especially dengue virus, are released from certain cells with a high proportion of uncleaved prM, but are still infectious (He et al., 1995; Iacono-Connors et al., 1996; Murray et al., 1993; . These observations raised the question of whether cleavage of protein prM was absolutely essential for infectivity.
In this study, we took a mutagenesis approach to address this question. We demonstrate that a mutant of TBE virus carrying a single amino acid deletion within its prM furin cleavage site (R-T-R-R was changed into R-T-R) produces intact immature virions that are completely non-infectious for BHK-21 cells. Infectivity of these mutant particles, however, could be restored by the addition of exogenous trypsin, which is apparently able to cleave at the mutated site within protein prM. Our results indicate that cleavage of prM is indeed essential for infectivity of TBE virus in cell culture.
METHODS
Virus. The wild-type virus used in all experiments was Western subtype TBE virus strain Neudoerfl, which has been characterized in detail, including the determination of its genomic sequence (GenBank accession no. U27495) (Mandl et al., 1988 (Mandl et al., , 1989 . Purified virions used as controls in physical and antigenic structure analysis experiments were prepared from supernatants of infected primary chicken embryo cells by two cycles of sucrose gradient centrifugation following established protocols (Heinz & Kunz, 1981) . Control preparations of immature virions were obtained in the same manner, but ammonium chloride was added to the cell culture medium during virus growth to a final concentration of 20 mM to prevent cleavage of protein prM, as described in detail previously (Heinz et al., 1994) .
Cloning, sequencing and RNA transcription. The desired mutations were introduced into the genome of TBE virus strain Neudoerfl using the infectious cDNA clone system described in detail elsewhere (Mandl et al., 1997) . The mutations were first introduced into plasmid pTNd/59, which carries cDNA corresponding to the 59-terminal one-third (approximately) of the TBE virus genome. Using the primers listed in Table 1 , two PCR fragments were prepared, one of which carried the desired deletion of codon 88 of protein prM (coding for the amino acid arginine). In addition, nucleotide changes were introduced that did not cause alterations at the amino acid level but created a unique recognition sequence for the restriction endonuclease XbaI. This newly created restriction site was then used to ligate the two PCR fragments together and the combined fragment was swapped for the corresponding wild-type sequence of plasmid pTNd/59 by taking advantage of restriction sites for the enzymes MluI and AgeI at positions 208 and 960 of the TBE virus genomic sequence, respectively, which are unique in this plasmid. Subsequently, the mutated sequence was introduced into the full-length cDNA clone pTNd/c by swapping a fragment obtained by cutting with the enzymes SalI/SnaBI, which have unique recognition sequences in this plasmid upstream of the TBE 59 end and at position 1883 of the TBE genome sequence, respectively (Mandl et al., 1997) . The resulting full-length mutant plasmid, designated pTNd/ prM(DR88), was amplified in Escherichia coli strain HB101 and purified using commercially available systems (Qiagen).
Sequence analysis of the 59-terminal one-third of the genome, i.e. including all regions that had been derived from PCR fragments or surrounding the restriction sites utilized during cloning, was performed using an automated DNA sequencing system (ABI), confirming that only the desired mutations were present in this plasmid.
Full-length RNA was transcribed from the wild-type plasmid pTNd/c or the mutant plasmid pTNd/prM(DR88) using T7 RNA polymerase (Ambion), as reported previously (Mandl et al., 1997) .
Cell cultures, virus passaging and trypsin activation. BHK-21 cells were grown under standard conditions (minimal essential medium supplemented with 5 % FCS, 1 % neomycin and 1 % glutamine). In vitro-transcribed RNA was introduced into these cells by electroporation using a Bio-Rad Gene Pulser (two subsequent pulses; setup values: 1 . 8 kV, 25 mF and 200 V), as described in detail in a previous study (Mandl et al., 1997) . At approximately 12 h post-transfection, the medium was replaced and the concentration of FCS was reduced to 0 . 5 %. Intracellular expression of protein E was visualized 3 days post-transfection by indirect immunofluorescence staining after fixation of cells with acetone/methanol (1 : 1) using a polyclonal rabbit anti-protein E serum and FITCconjugated anti-rabbit antibody (Jackson Immune Research Laboratory). At the same time, protein E released into the supernatant was detected by a four-layer enzyme-linked immunosorbent assay (ELISA) (Heinz et al., 1986) . For passaging experiments, 200 ml aliquots of supernatants cleared from cell debris and insoluble material by low-speed centrifugation were transferred onto fresh BHK-21 cells in 24-well cluster plates. After 1 h, the cells were washed twice and then new medium containing 0 . 5 % FCS was added. Infection of cells was determined 3 days post-inoculation by immunofluorescence and ELISA, as before.
For a quantitative analysis of infectivity, supernatants were harvested 2 days post-transfection and the amount of protein E was measured by a previously described quantitative ELISA after denaturing the samples with SDS (SDS-ELISA) (Heinz et al., 1994) . Then a log 10 dilution series starting from a standardized concentration of protein E was prepared and used to infect fresh BHK-21 cells as described above. Virus infectivity titres were derived by determining the limiting dilution that scored positive when tested for infection 3 days postinoculation, as before.
In trypsin-activation experiments, the protease (Trypsin 1 : 250 from porcine pancreas, Sigma; in initial experiments at concentrations ranging between 0 . 625 and 50 mg ml 21 ; then generally used at 25 mg ml 21 ) was added to the cell culture medium 12 h postelectroporation. Passaging experiments were performed exactly as described above but a constant concentration of trypsin was maintained in the medium.
supernatants from 20 to 24 tissue culture flasks (175 cm 2 ) were collected for one preparation. Particles were pelleted by ultracentrifugation at 44 000 r.p.m. (Ti45 rotor; Beckman) for 2 h at 4˚C and then purified by rate zonal centrifugation at 38 000 r.p.m. (SW40 rotor; Beckman) for 3 h at 4˚C in a 10-50 % sucrose gradient. For determination of the buoyant density, virus was harvested and pelleted as described above. The pellet was then subjected to rate zonal centrifugation at 38 000 r.p.m. (SW40 rotor; Beckman) for 70 min at 4˚C and subsequent equilibrium density gradient centrifugation at 38 000 r.p.m. (SW40 rotor; Beckman) in 20-50 % sucrose for 24 h at 4˚C. All gradients were fractionated with an ISCO 640 gradient fractionator and the concentration of protein E in each fraction was determined by SDS-ELISA (Heinz et al., 1994) . The sucrose density of the peak fraction of the equilibrium density gradient was measured in an Abbé refractometer (Atago) with corrections for temperature using standard tables (ISCO).
The antigenic structure of virions was analysed essentially as described previously (Schalich et al., 1996) using a set of monoclonal antibodies (mAbs) directed against protein E or, in the case of one mAb, against protein prM. Purified virus preparations at a concentration of 1 mg ml 21 and a single dilution of each mAb were tested in a fourlayer ELISA (Heinz et al., 1986) .
Haemagglutination activity was determined using goose erythrocytes at pH 6 . 4 by the method of Clarke & Casals (1958) .
For gel electrophoresis, purified virions were precipitated with deoxycholate and trichloroacetic acid and separated under SDSdenaturing conditions on 15 % polyacrylamide gels, as described elsewhere (Laemmli & Favre, 1973) . Protein bands were visualized using Coomassie PhastGel Blue R (Pharmacia) or by immunoblotting onto a PVDF membrane using the Bio-Rad Trans-Blot Semidry Transfer Cell and Immunoenzymatic Detection kit, as described previously (Schalich et al., 1996) .
RESULTS

Mutation of the furin cleavage site in prM
In order to construct a mutant TBE virus in which protein prM would no longer be cleaved by furin, we decided to delete the codon for Arg 88 , which lies 2 aa upstream of the cleavage site (Fig. 1 ). This deletion, in addition to removing the basic amino acid at position 22 of the furin recognition motif R-X-R/K-R also altered the spacing between Arg 86 (position 24) and Arg 89 (position 21), changing the sequence immediately preceding the cleavage site from R-T-R-R to S-R-T-R. The numbers in parentheses depict the position in the genome sequence of TBE virus.
PCR fragment
Sequence ( The modified prM sequence was introduced into the fulllength infectious cDNA clone pTNd/c (Mandl et al., 1997) , which has been used in several earlier studies for constructing variants of TBE virus strain Neudoerfl (Kofler et al., 2002; Mandl et al., 2001) . The resulting mutated plasmid was designated pTNd/prM(DR88) and the corresponding virus mutant was named prM(DR88).
Viability in BHK-21 cells
In a first experiment we wanted to test the viability of genome-length RNA carrying the prM mutation in BHK-21 cells. Equal amounts of either the mutant, pTNd/ prM(DR88), or the wild-type, pTNd/c, cDNA were transcribed in vitro into RNA and then introduced into BHK-21 cells by electroporation. At 3 days post-transfection, the cells were tested for protein E expression by immunofluorescence staining and the cell culture medium was monitored for the presence of secreted viral antigen using an ELISA (Heinz et al., 1986) . As shown in Fig. 2(a, c) , viral protein E could be detected both in cells transfected with the wild-type and in cells transfected with the mutant RNA. In each case, secreted protein E was also detected in the cell culture supernatants. Quantification of exported protein E 24 h post-transfection (a time at which the effect of secondary infections is still negligible) by SDS-ELISA (Heinz et al., 1994) yielded concentrations between 0 . 3 and 0 . 4 mg ml 21 in both cases. This indicated that the efficiency of RNA transfection, protein expression and protein export of mutant prM(DR88) were not significantly impaired.
The supernatants of the transfected cells were cleared by centrifugation to remove cell debris and transferred to fresh BHK-21 cells. Again the cells and supernatants were monitored 3 days later for protein E production. As expected, the supernatant from the cells transfected with wild-type RNA could initiate a further round of infection, as demonstrated by immunofluorescence staining (Fig. 2b) . In contrast, an equal aliquot of conditioned medium from the cells transfected with the mutant RNA was completely unable to cause infection and no positive cells were detected in the immunofluorescence assay ( Fig. 2d) .
A comparison of samples standardized to contain equal amounts of protein E (25 ng) obtained from supernatants of BHK-21 cells transfected with wild-type or mutant RNA revealed an infectivity titre of 10 4 in the case of the wild-type control, whereas no infectivity was detected with the mutant particles in any of several independent experiments. Even when samples containing more protein E (up to 250 ng) were tested, the mutant was found to be unable to infect new BHK-21 cells. These results indicated that even if the mutant prM(DR88) possessed a low level of infectivity that was below the detection limit of our assays, its specific infectivity could be no more than 1/10 000 of that of the wild-type control.
Physical characterization of mutant particles
In order to characterize the mutant virus particles, supernatant from BHK-21 cells transfected with prM(DR88) RNA was precleared by low-speed centrifugation and then subjected to ultracentrifugation to collect pelletable material. The pellet fraction was then purified by rate zonal centrifugation followed by equilibrium density sucrose gradient analysis. As shown in Fig. 3 , the mutant particles banded at the same position as the wild-type virus control in the equilibrium gradient and both species were found to have a buoyant density of 1 . 19 g cm 23 , which is the same as has been reported previously for the wild-type virus (Heinz & Kunz, 1979; Schalich et al., 1996) . As expected for an immature particle (Stadler et al., 1997) , we were not able to detect any haemagglutination activity with the mutant.
To determine the composition of the mutant virions and to assess the susceptibility of the mutated protein prM to furin or another host protease, we performed SDS-PAGE analysis of purified mutant and wild-type particles. As shown in Fig. 4 , mutant prM(DR88) contained a large amount of protein prM and in contrast to the mature wild-type virus, no protein M was detected in the gel stained with Coomassie brilliant blue. To improve the sensitivity of detection of protein M, we performed Western blot analysis using polyclonal antiserum that recognized all of the TBE virus structural proteins. In contrast to the wild-type control where protein M was clearly visible, only protein prM and no trace of M could be detected with the prM mutant (Fig. 4, lane 4) .
For further analysis of the mutant particles, we took advantage of a panel of mAbs against the envelope proteins, which have been shown previously to yield distinct reactivity patterns with the mature and the immature form of the virus due to differences in the degree of exposure of certain epitopes (Heinz et al., 1994; Schalich et al., 1996) . Fig. 5 shows a comparison of wild-type virus, virus produced in the presence of ammonium chloride and the mutant virus prM(DR88). The reactivities of the two immature viruses gave very similar profiles, whereas the mature form exhibited a completely different pattern. mAb 8H1, which is specific for protein prM (Iacono-Connors et al., 1996) , was also included in the analysis. As shown in Fig. 5 , this mAb reacted equally well with protein prM of the mutant and of the wild-type virus produced in the presence of ammonium chloride. Only weak binding of this antibody to the mature virus could be seen, which is probably attributable to a low level of uncleaved protein prM present in the mature virus preparation.
Activation of infectivity by trypsin
The modified furin cleavage site in prM, while no longer recognized by furin, should nevertheless be a potential substrate for the pancreatic protease trypsin, which cleaves after single basic amino acids. To test if the mutant virus could be rendered infectious by exogenous trypsin treatment, we added the protease to the cell culture medium after transfection and during subsequent passaging steps.
In a preliminary experiment, we determined that BHK-21 cells suffered a severe CPE after cultivating them for Fig. 3 . Particle analysis by equilibrium density centrifugation of mutant prM(DR88) (n) and wild-type virus ($). Concentrations of protein E in individual fractions were determined by SDS-ELISA. The measured buoyant density of the particles in the peak fractions of both wild-type control and mutant (fraction number 13) was found to be 1 . 19 g cm 23 . Fig. 4. Coomassie staining (lanes 1 and 2, left) and immunoblot (lanes 1 and 2, right) of wild-type (lanes 1) and mutant (lanes 2) virus particles. The positions of the structural proteins E, prM, C and M are indicated on the right. Protein M was not detected in the mutant samples (lanes 2). 2 days with medium containing 30 mg trypsin ml 21 and 0 . 5 % FCS, but were able to tolerate the presence of 25 mg trypsin ml 21 under otherwise identical conditions. BHK-21 cells were then transfected with prM(DR88) in vitro RNA transcripts but this time propagated in medium containing 25 mg trypsin ml 21 . At 3 days after transfection, cells and supernatant were tested for protein E production, as described in the earlier experiments. Immunofluorescence analysis (Fig. 6a ) confirmed that the cells could be transfected efficiently and protein E was also detected in the supernatant by ELISA (data not shown). A portion of the supernatant was then transferred to fresh BHK-21 cells. When trypsin was continuously present in the medium before and after washing of the cells, infection was possible and virus could be passaged at least three times (Fig. 6b, c) . Taking the supernatant of one of these passages and attempting to infect cells without further addition of trypsin to the medium after washing still resulted in some positive immunofluorescence staining ( Fig. 6d-f ) and the supernatants from these cells also tested positive for protein E. However, virus particles in these supernatants were unable to initiate a further round of infection in the absence of trypsin ( Fig. 6g-i) . These results indicate that the mutant prM(DR88) is potentially infectious but requires exogenous cleavage in order to be able to induce a single round of infection.
DISCUSSION
Previous studies had shown that the furin-mediated cleavage of protein prM was necessary to activate the full fusogenic potential of flaviviruses (Guirakhoo et al., 1991 (Guirakhoo et al., , 1992 Stadler et al., 1997) . However, these studies had left it unclear whether flavivirus particles could still be infectious without undergoing this maturation step. The analysis of immature, prM-containing particles generated in a number of different ways indeed seemed to suggest that immature flaviviruses had a reduced but still relevant level of infectivity (Guirakhoo et al., 1991 (Guirakhoo et al., , 1992 Stadler et al., 1997; Wengler & Wengler, 1989) . This study, however, yielded clear evidence that immature particles of TBE virus were not infectious. The cleavage-deficient mutant prM(DR88) had no detectable infectivity in our test system and its specific infectivity in BHK-21 cells, based on protein E content, was estimated to be at least 10 000-fold lower than that of wild-type virus. Analysis of the physical properties and the antigenic structure of the mutant particles together with the finding that infectivity of these particles could be restored by the addition of an exogenous protease demonstrated that the lack of infectivity of this mutant was not due to non-specific disruption of protein folding or particle assembly, but rather could be attributed solely to the deficient cleavage of protein prM. Fig. 6 . Activation of mutant prM(DR88) by exogenous trypsin. BHK-21 cells were transfected with mutant RNA and trypsin was added to the medium at a concentration of 25 mg ml 21 (a). Supernatants were passaged onto fresh BHK-21 cells as indicated by the arrows between the panels. Trypsin was either maintained during these passages as indicated at the top (a to b to c) or passages were continued without trypsin as indicated at the left side (a to d to g; b to e to h; c to f to i). The expression of protein E was monitored by immunofluorescence staining.
In light of our current data, we believe that residual infectivity of immature virions observed in earlier studies was due to inefficient suppression of prM cleavage by ammonium chloride, bafilomycin A1, and other treatments, rather than any inherent infectivity of the immature particles themselves. The amount of processed protein M in these preparations may have been too small to be detected in biochemical tests but sufficiently large to provide these preparations with residual infectivity. The deletion introduced into protein prM in this study destroyed the minimal sequence required for furin-mediated cleavage (arginine residues at positions 21 and 24) (Molloy et al., 1992; Nakayama, 1997) and this was apparently more successful in completely suppressing the processing of protein prM than previous approaches.
The observation that cleavage of protein prM is essential for infectivity of flaviviruses corresponds well to results obtained in analogous studies using alphaviruses. Flaviviruses and alphaviruses share a great deal of structural and functional similarity. The solution of the atomic structures of their fusion proteins (protein E in flaviviruses and protein E1 in alphaviruses) has revealed a striking resemblance, including the position of an internal fusion peptide (Lescar et al., 2001; Rey et al., 1995) . The fusion capacity of these so-called class II fusion proteins is activated by the furin-mediated cleavage of an auxiliary protein, i.e. protein prM in flaviviruses and protein PE2 (or p62) in alphaviruses (Heinz & Allison, 2000; Kielian et al., 2000) . Mutagenesis studies on protein PE2 that abolished cleavage either by a substitution of the arginine at position 21 of the furin site (Davis et al., 1991; Lobigs & Garoff, 1990; Salminen et al., 1992) or by introducing a signal for N-linked glycosylation (Heidner et al., 1994) immediately downstream of the cleavage sequence yielded completely non-infectious virus mutants. However, in the alphavirus system, the spontaneous emergence of infectious revertants carrying second-site mutations in proteins E1, E2 or E3 has been observed (Davis et al., 1991; Heidner et al., 1994) . So far, this has not been detected with the TBE virus mutant described in this study. However, our results certainly do not exclude the possibility that such revertants may arise under different growth conditions, such as prolonged growth periods or other host cell systems.
Infectivity of the TBE virus mutant prM(DR88) could be restored by the addition of trypsin to the cell culture medium. This finding indicated that the processing and assembly of the immature particles had been correct except for the missing cleavage step, which was then presumably carried out by trypsin after the particles had been released from the cells. Activation by exogenous proteases has also been achieved with mutants of other viruses in which the natural furin cleavage site had been destroyed. For instance, it was demonstrated that the fusion activity and infectivity of furin-cleavage deficient mutants of Semliki Forest virus, measles virus and Newcastle disease virus could be restored by the addition of trypsin (Li et al., 1998; Lobigs & Garoff, 1990; Maisner et al., 2000) . The trypsin concentrations applied in these studies (15, 1 and 5 mg ml 21 , respectively) were considerably lower than in this study (25 mg ml 21 ), but this is probably due to the fact that in our experiments the cell culture medium contained 0 . 5 % FCS, which may have partially inhibited trypsin activity.
The ability to activate the furin-deficient mutant by the addition of exogenous protease provides a system that allows the generation of single-round infectious flavivirus particles. These could be useful in the development of vaccines or RNA-based gene delivery systems. It was not possible, however, to restore infectivity to wild-type levels using trypsin, which was expected because trypsin is known to preferentially cleave protein E , resulting in the loss of entry functions. This problem could be circumvented by replacing the furin cleavage site by a recognition sequence for a protease that is more specific than trypsin. In studies with Semliki Forest virus and human immunodeficiency virus, the furin cleavage site was changed into a chymotrypsin recognition site and it was demonstrated that the fusogenic activity of these mutants (measured in these studies as syncytium formation) could be activated by this protease (Jain et al., 1991; McCune et al., 1988) . It has also been shown that viruses with altered protease specificities can be generated by selection in the presence of the corresponding protease (Hsu et al., 1987) . Finally, the virus mutant prM(DR88) may be a useful tool for studying the structure of immature flavivirus particles.
